The extremely slow compaction dynamics of wet granular assemblies is studied experimentally. The cohesion, due to capillary bridges between neighboring grains, is tuned using different liquids having specific surface tension values. The compaction dynamics of a cohesive packing obeys an inverse logarithmic law, like most dry random packings. However, the characteristic relaxation time grows strongly with cohesion. A model, based on free volume kinetic equations and the presence of a capillary energy barrier, is able to reproduce quantitatively the experimental curves. DOI: 10.1103/PhysRevLett.105.048001 PACS numbers: 45.70.Cc, 05.70.Ln, 47.57.Gc In the last couple of decades, many research efforts have been focused on the study of extremely slow granular compaction dynamics [1] [2] [3] [4] [5] [6] [7] [8] [9] . Compaction of a granular assembly is the reduction of its free volume when it is submitted to mechanical vibrations. The relevant parameter is the packing fraction being the ratio of the volume occupied by the grains divided by the volume of the assembly. By gently tapping the system [1], the packing fraction increases nonlinearly as a function of the tap number t. As proposed by Knight et al.
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where 0 and 1 are, respectively, the initial and asymptotic packing fraction values. The parameter k is often fixed [8] . The relaxation time is a key to understand the physics of dense random packings [10] . Boutreux and de Gennes developed a free volume model supporting the inverse logarithmic dynamics and found that the relationship between the compaction and the grain mobility can be described by the Vogel-Fulcher-Tammann law [9] . Our group reported some experimental evidence for this mobility law [11] . The experiments carried out by D'Anna revealed the similarity between the glassy state and jammed granular matter [12, 13] . Other experiments [4] evidenced a slightly different relaxation mechanism, better fitted by a stretched exponential law, towards a steady state corresponding to a dynamical balance between convection and compaction. In that case, a characteristic relaxation time can also be defined, as well as a stretched exponent related to the physical mechanisms taking place in the random media [11] . Philippe and Bideau found that the relaxation time is / expðÀ 0 =ÀÞ where À is the tapping intensity, being the maximal acceleration of the packing, and À 0 implies the existence of an energy barrier necessary to overcome [4] . The second dynamical behavior is hard to explore experimentally because it needs to reach a steady-state and saturation of the packing fraction after very long series of taps. In most cases, the measured data can be nevertheless fitted with a mixture of both laws [14] . In a recent work [8] , we propose also to determine being the time 1=2 needed to reach ð 1 À 0 Þ=2.
It is well known that adding a small amount of water to sand increases in a dramatic way the stability of the granular pile [15] . Recent studies [16] [17] [18] reach the conclusion that the liquid bridges determine the mechanical properties of these systems. The number of liquid bridges vs the liquid content (in terms of liquid volume fraction w, defined as the volume of the liquid divided by the volume occupied by the grains) exhibits a maximum for the coordination number z ¼ 6, in the range 0:01 w < 0:03. It was confirmed recently by using x-ray tomography that the onset for the coalescence of liquid bridges occurs around a critical water content of w % 0:025 [19] . The compaction dynamics of such systems is, however, poorly known.
Lu and co-workers proposed recently that the steadystate rheology and the compaction behavior of granular media are related as a part of a more general theory of jamming [10] . The time scale for grain rearrangements should be related with the jumping energy for a single void, thus as it is noted in glassy systems [20] . The relaxation time obeys an Arrhenius law / expðB=k B TÞ where B is the energy barrier for the activation energy and k B T is the thermal energy in a more general frame, necessary to establish the steady state. For wet granulates the elementary mechanism for rearrangement includes the breaking and regeneration of liquid bridges as it is depicted in Fig. 1(a) .
In this Letter, we investigate experimentally the compaction of wet grains. In so doing, we address two fundamental questions about granular materials: (i) the role of cohesion in a packing due to liquid bridges and (ii) the slow relaxation dynamics in random packing. As we will see below, the combination of both aspects sheds a new light on such systems and a general model of compaction dynamics is proposed.
A sketch of our experimental setup is illustrated in Fig. 1(b) . The initialization procedure used for the dry grains was the following. A bottomless glass tube is inserted into the main one and is filled with a defined mass of granular materials. The diameter of the main tube is D ¼ 35:3 mm. Thereafter, the inner tube is removed upward at a low and constant velocity of 1 mm=s, leaving the grains to rearrange themselves into the larger tube. After this initialization stage, a reproducible and spatially homogeneous initial packing fraction is obtained [21] . To study the compaction dynamics of a wet granular media, the initialization procedure is, however, different in order to avoid grains glued onto walls when the inner tube is retrieved. A fixed amount of liquid is added and mixed to the granular material. Then, the wet grains are gently poured directly in the measurement tube. To ensure compaction, the tube is fixed on a support which can perform some periodic free falls. The free fall height is fixed to Áz ¼ 1 mm. Two successive taps are separated by at least 1 s, leaving the system to relax. An aluminum diabolo is gently placed on the granular pile in order to keep the granular-air interface flat during the measurement. Moreover, this diabolo is necessary to perform the measurement of the interface position with the distance sensor. The mass of the diabolo is lower than the mass of the same volume of granular material. From the vertical position h of the interface between the granular bed and the diabolo, the packing fraction of the pile is determined after each tap. Very long compaction series up to 10 5 taps have been recorded.
Our granular system was composed of glass spheres of diameter d ¼ 140-150 m with or without small additions of different liquids. Although the polydispersity is limited, high packing fractions have been reached in our experiments. Prior to each experiment, the glass beads are treated with isopropanol and then washed twice with pure water before drying at T ¼ 80 C. After drying, the grains are separated from each other by using sieves in order to select the size fraction. For all our experiments, the liquid volume fraction w was fixed to a single value w ¼ 0:025. For this liquid fraction, air is still trapped in the granular assembly such that the system is a wet granular system instead of a paste. Liquid bridges are formed between neighboring grains and some of them start to coalesce, as studied in [19] . The considered liquids are described in the caption of Fig. 2 . The polymer-based viscoelastic solutions have characteristic relaxation times smaller than the waiting time separating two successive taps [22, 23] . The surface tension of each liquid has been determined via the pendant drop method by using the optical goniometer KSV-CAM200
Cohesive forces are still present without liquid addition because of triboelectricity, humidity, or aging [24] . Nevertheless, a ''dry case'' is considered in our compaction experiments. It corresponds to glass beads at 46% RH (relative humidity) and T ¼ 22
C. This experimental condition corresponds to the less cohesive case found in our system. One should remark that this value is close to a maximum of a granular bed fluidization reported in [25] . Although we do not know the exact level of cohesion in the dry case, we assume that this cohesion is very limited. The dry case is shown at ¼ 0 in the following figures for information only, and the corresponding data point is not considered in the fits. Typical compaction curves ðtÞ obtained for the dry case and for the liquid additions are shown in Fig. 2 in two separate semilog plots for clarifying the data. The liquid addition appears to induce strong effects in terms of amplitude 1 À 0 and time scale [see both dynamics of separate plots, Figs. 2(a) and 2(b) ]. Slow compaction dynamics is observed for all curves. The fits using the inverse logarithm law (1) are also shown in Fig. 2 . The free fitting parameters are k, 1 , and , respectively, while 0 is measured at the beginning of the experiment.
The initial packing fraction 0 is shown in Fig. 3 as a function of the surface tension . Error bars are indicated. As expected, the initial packing fraction decreases with the surface tension due to the growth of capillary forces; the formation of the liquid bridges restricts the motion of the grains as they are poured into the tube. As reported by Forsyth [26] , the decrease of packing fraction with cohesion is well modeled by an exponential decay
Þg where E cap ¼ bd 2 =2 is the capillary energy of the bridges and
is a characteristic energy of the system. The constant b related to the average of capillary bridges per grain 0 ^b ^6 [17] is an unknown parameter which will be estimated below. Finally, we can write the wet packing fraction 0 as a function of the surface tension . One has
where the packing fraction Ã , the amplitude of the effect a, and the characteristic surface tension 0 are fitting parameters. The fit is shown in Fig. 3(a) . For the measured data set f 0 g excluding the ''dry case'' we obtain a ¼ ð0:47 AE 0:12Þ, 0 ¼ ð29 AE 8Þ mN=m, and Ã ¼ ð0:65 AE 0:05Þ close to the official random close packing value. From this fit two relevant observations should be made: (i) a clear effect of surface tension on the assembly is seen, meaning that the bridge network plays an important role; and (ii) the characteristic value 0 is in between 0 and 72 mN=m, i.e., in the range of our experimental investigations. The latter value obtained is only used to estimate some order of magnitude for the capillary barrier E cap below. One should remark that a unique value 0 is an average over a broad distribution of cohesive interactions since numerous local configurations for liquid entities take place inside the granular random packing. Figure 3(b) presents also the packing fraction after 10 4 taps. A similar trend is allowed. This confirms the effect of capillary bridges over all compaction experiments. Figure 4 exhibits the relaxation time as a function of surface tension . Error bars are indicated; see also the semilog plot as an inset. The relaxation time is seen to increase dramatically with confirming the idea that liquid bridges play an important role in the wet assembly. This strong effect means that for large values, rearrangements involving the motion of grains [as depicted in Fig. 1(a) ] become rare events.
In order to take grain rearrangements into account, we propose a model based on an energetic approach as recently investigated in a numerical work [27] . The model considers the mechanical energy per grain Ä injected in the granular bed at each tap. This energy should be related to the work done on one grain at each tap W 1tap . We define the normalized packing fraction as x ¼ À 0 = 1 À 0 . If an energy barrier B exists, xB becomes the energy fraction of the grains which participate in the compaction process while the amount of energy ð1 À xÞÄ contributes to the fluidized part of the granular bed, i.e., is related to a kind of thermal energy k B T. Assuming that at each tap, the packing fraction evolves as a function of the free volume fraction and the energy balance within an Arrhenius-like form, the kinetic equation reads
where is a dissipation factor which should be related to Ä. Herein, it is considered as a constant since all experiments are conducted on the same apparatus. Solving the differential equation (3), one obtains
where E i ðyÞ ¼ R y À1 ðexpðÞ=Þd is the exponential integral of the dimensionless variable y. Numerical simulations (not shown here [27] ) allow us to check that behaviors extracted from (1) and (4) are very similar. Although, no analytical solution can be found for ðtÞ, it is possible to evaluate the characteristic relaxation time by taking x ¼ 1=2 when t ¼ 1=2 . One has 
We get % 4d, below the capillary length for most liquids investigated here and corresponding to the size of the cages where grain rearrangements take place. All the calculated values of extracted physical parameters are selfconsistent, emphasizing the clear connection between static and dynamical situations through the kinetic model we propose.
In summary, we have carried out compaction experiments of granular assemblies with a small addition of various liquids. The influence of the liquid surface tension on the compaction dynamics has been analyzed. A decrease of both initial 0 and final packing fractions has been observed as a function of . This decrease is fitted by a model based on the capillary bridges inside the packing. The characteristic compaction time is found to increase strongly with the surface tension. A model based on an energetic approach is proposed to fit this behavior.
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